Abstract: A chirp-rate-tunable microwave photonic pulse compression system for multioctave linearly chirped microwave waveform (LCMW) is proposed in this paper. The key components are a dual-parallel Mach-Zehnder modulator (DPMZM) and a dispersive loop (DL) structure based on a linear chirped fiber Bragg grating. By controlling the output of the DL to change the accumulated group velocity dispersion, the chirp rate of the system can be tuned. By adjusting the wavelength of the optical carrier to select the single sideband modulated optical signal (positive or negative sideband), the chirp direction (down or up chirped) can also be tuned. The performance of the multi-octave LCMW pulse compression can be improved by eliminating the second-order harmonic distortion through configuring the bias voltages of the DPMZM. Detailed theoretical analysis is conducted. A verification simulation demonstrates the pulse compression of the multi-octave LCMWs with the chirp rates of 23.877, 11.939, 3.979, and -3.979 GHz/ns. In the proof-of-concept experiment, the matched chirp rates 23.229, 12.051, -22.568, and -11.355 GHz/ns are obtained. The multi-octave LCMW pulse compressions with the compression ratios of 14.3, 29.3, 15.0, and 28.6 are verified. The simulation and experiment results are in good agreement with the theoretical analysis.
Introduction
Pulse compression technique has been widely used in modern radar system to increase detection range and resolution simultaneously [1] . The pulse compression process converts received microwave waveform into energy concentrated short pulse, resulting in a great enhancement of the signal-to-noise (SNR) of radar system [2] . It is usually realized in the receiver by sending the large time-bandwidth product (TBWP) microwave signal, such as a linearly chirped microwave waveform (LCMW) or a phase-coded microwave waveform (PCMW), to a matched filter [3] . Conventionally, pulse compression is performed by digital methods [4] or analog methods [5] in electrical domain.
However, the frequency and bandwidth of electrical devices are very limited. In addition, electrical systems are usually lack of reconfigurability [6] and easily affected by electromagnetic interference. Because of these inherent bottlenecks, the performance of pulse compression system in electronic domain is greatly limited.
Microwave photonic technology [7] , which utilizes photonic approach to realize microwave system function, has excellent advantages that are unattainable in traditional electrical solutions such as: high frequency, large bandwidth, low loss, reconfigurability and immunity to electromagnetic interference. Therefore, microwave photonic systems have been extensively studied [8] due to its potential to overcome the inherent limitations of conventional electrical systems. In recent years, several types of microwave photonic schemes for LCMW pulse compression have been demonstrated [9] - [16] . One method is based on the phase-only matched filters, which realized by introducing different phases into the optical sidebands of different frequencies [9] , [10] . This method is simple in structure. Another typical method is based on the matched filters, which realized by spectral shaping and time mapping principle [11] - [13] . This method can be reconfigurated flexibly by operating the spectrum of the broadband optical source (BOS) via a spectral shaper. To improve the SNR of the matched filters, an optical frequency combs (OFC) source can be used to replace the BOS [14] - [16] . However, all method above cannot support the pulse compression of the multi-octave [17] LCMW. Multi-octave LCMW can provide a large bandwidth and thus can improve compression ratio. But the modulated first-order optical sidebands of the multi-octave LCMW will overlap with the second-order sidebands, leading to signal distortion. Therefore, suppressing the second-order harmonic distortion is necessary for the multi-octave LCMW pulse compression. It needs to take the second-order harmonic distortion problem into consideration.
We propose a chirp rate-tunable microwave photonic pulse compression system for multi-octave LCMW in this paper. The key components are a dual-parallel Mach-Zehnder modulator (DPMZM) and a dispersive loop (DL) structure based on a linear chirped fiber Bragg grating (LCFBG). The structure of the pulse compression system is simple, stable and low cost. The proposed system has three main advantages: first, the chirp rate of the system can be tuned by controlling the output of the DL, so the system can realize the pulse compression of LCMW with different chirp rates; second, the chirp direction (down or up chirped) of the system can be tuned by adjusting the wavelength of the optical carrier, so the system can realize the pulse compression of both up-chirped and down-chirped LCMW; third, the performance of the multi-octave LCMW pulse compression is improved due to the second-order harmonic distortion is eliminated by configuring the bias voltages of the DPMZM. The corresponding theoretical analysis, verification simulation and proof-of-concept experiment of the pulse compression system are conducted. The rest of the paper is organized as follows: Section 2 analyzes the principles, Section 3 provides the demonstrations of the verification simulation, Section 4 shows the results of the proof-of-concept experiment and Section 5 gives the conclusions.
Principle
Schematic of the proposed microwave photonic pulse compression system for multi-octave LCMW is shown in Fig. 1 . The system consists of a tunable laser source (TLS), a DPMZM, a 2 × 2 optical coupler, an optical circulator (OC), a LCFBG, an optical switch (OS), two Erbium-doped-fiberamplifiers (EDFA) and a photodetector (PD). In the system, a continuous-wave (CW) light generated by a TLS is coupled into a DPMZM. The DPMZM, containing two sub-MZMs and a parent-MZM, has two independent radio-frequency (RF) ports and three independent direct-current (DC) biases. Three DC voltages are used to set the bias points of the DPMZM. The LCMW is modulated on the CW light at the sub-MZM1. After being compensated for the insertion loss, the modulated optical signal output form the DPMZM is launched into a DL structure, which is comprised of a 2 × 2 coupler, an OC, a LCFBG and an EDFA (EDFA2). In the DL structure, the 2 × 2 optical coupler is used to implement loops. The LCFBG is used as optical phase filter and band pass filter. The EDFA2 is used to compensate for the loop power loss. Then, the filtered optical signal output from the DL structure is injected into a PD via an OS, which is used to control the output of the DL. After the PD heterodyne detection, the compressed pulse is obtained and is monitored by an oscilloscope (OSC).
Consider that a single frequency RF signal with an angular frequency of is modulated on the CW light with an angular frequency of ω at the sub-MZM1, and the sub-MZM2 is null, the output of the DPMZM can be given by
where m = πV RF ( )/2V πRF is the modulation index, V RF ( ) is the amplitude of the input RF signal, V πRF is the RF half-wave voltage of the sub-MZM1,
is phase shift introduced by the DC biases V D Ci of the sub-MZMi, V πi is the DC half-wave voltage of the subMZMi and θ M is the phase difference between the two sub-MZMs controlled by the DC bias of the parent-MZM3. Based on the Jacobi-Anger expansion and ignoring higher-order sidebands, (1) can be expanded as
where J n (·) is nth-order Bessel function of the first kind.
Then, the amplified modulated optical signal E D PM Z M passes through the DL structure. Assuming that the LCFBG has a uniform amplitude response and its bandwidth limitation is temporarily ignored, the output of the DL structure can be expressed as
where β ω (in s 2 /rad) is the group velocity dispersion (GVD) coefficient of the LCFBG and N is the number of the loops in the DL structure [18] .
Finally, when the time duration of the RF pulse is less than the loop time, the Nth loop output of the DL structure is selected by the OS and injected into the PD. Only considering the beating between carrier and sidebands, the alternating-current (AC) output of the PD can be obtained by
where θ O is the phase difference between the optical carrier and sidebands, which is determined by the DC biases of the DPMZM. According to (4), the system can be treated as two phase-only filters with the opposite chirped phase response. When beating between the optical carrier and positive sidebands happens, the system is a down-chirped phase-only filter. While when beating between the optical carrier and negative sidebands happens, the system is an up-chirped phase-only filter. The response of the down-chirped and up-chirped phase-only filters can be described as
where = /2 is the angular frequency of another RF signal and θ is the phase difference between the two RF signals with frequencies and . Here the first terms in (5) and (6) are the desired chirped phase response at the angular frequency , and the second terms are the second-order harmonic distortion caused by the angular frequency . The distortion ratio can be expressed as
When the input signal is multi-octave, the modulated first-order optical sideband region overlaps the modulated second-order optical sideband region. This distortion cannot be eliminated by filters. So the DPMZM is used in the system. According to (3) and (4), when V D C1 equals to V π1 (that is, the sub-MZM1 is biased at the minimum transmission point), the second-order sidebands are suppressed. The overlapping distortion is avoided. The spectrum of the modulated optical signal output from the DPMZM is illustrated in Fig. 1(a) .
The down-chirped and up-chirped transmission response of the system is ultimately given by
According to the above analysis and formula, the chirp rate of the system can be tuned by controlling the output of the DL. By adjusting the wavelength of the optical carrier, the chirp direction (down-chirped or up-chirped) of the system phase response can also be selected. The realization principle is illustrated in Fig. 1(b) . By utilizing the band pass characteristic of the LCFBG, the system does not require additional filters. The operating frequency of the phase-only filter is also determined by 3-dB bandwidth of the LCFBG. In addition, the second-order harmonic distortion of the system can be eliminated by configuring the bias voltages of the DPMZM.
After given the system response, the LCMW pulse compression condition of the system can be given by GVD matching. A LCMW signal can be expressed by
where 0 is the center angular frequency, μ is the chirp rate and T is the time duration of the LCMW signal. Through Fourier transform, the phase response of the LCMW signal can be obtained by
When the quadratic phase term coefficients of the system phase response H dow n/up ( ) and the input LCMW signal phase response S p hase ( ) are opposite, the GVD of the input LCMW signal is opposite to that of the system. The GVD of the input LCMW signal is compensated after the system processing, so that the different frequency components of the input LCMW signal are concentrated at a same time point (For LCMW, it means that the waveforms at different times are concentrated at a same time point) and the pulse compression of the input LCMW signal is realized. Therefore, the relationship between the optical dispersion D (in ps/nm, that is the same parameter as β ω but in different units, D = −2πcβ ω /λ 2 L CFBG ) of the system provided by the LCFBG and the chirp rate μ of the compressed LCMW can be given by
where c is the light speed and λ L CFBG is the central wavelength of the LCFBG. Here, (12) and (13) represent the relation of the down-chirped and up-chirped transmission response, respectively.
According to (12) and (13), when the optical dispersion provided by the LCFBG is D (in ps/nm), the system can support the multi-octave LCMW pulse compression with the chirp rate of μ = ±1000c/λ 2 L CFBG by controlling the output of the DL and adjusting the wavelength of the optical carrier.
Simulation Demonstrations
To verity the multi-octave LCMW pulse compression performance of the proposed microwave photonic system, a simulation demonstration system is set up based on Fig. 1 . We first verify the chirp rate tunability of the multi-octave LCMW pulse compression. In this configuration, the system is down-chirped phase-only filter and compresses up-chirped LCMW. The TLS is set at the wavelength of 1548.3 nm (193.627 THz), the linewidth of 100 kHz and the power of 13 dBm. Each sub-MZM in the DPMZM has 35 dB extinction ratio, 6 dB insert loss, 3.5V RF half-wave voltage and 7V DC half-wave voltage. Two DC sources are used to control the bias points of the two sub-MZMs. Here the phase difference between the two sub-MZM is zero. The bias voltage of the sub-MZM1 is set at 7 V (at the minimum transmission point) to suppress the second-order harmonic distortion, while the bias voltage of the sub-MZM2 is set at 0 V (at the maximum transmission point) to maximize the output optical power. The LCFBG used in the DL structure has the center wavelength of 1548.2 nm (193.639 THz), the bandwidth of 0.2 nm (25 GHz) and the dispersion coefficient of 5238 ps/nm. An optical amplifier with 3-dB power gain used to compensate the loop power loss and an optical delay line with 4 ns delay used to prevent the loop signals overlapped are also used in the DL structure. The PD with 1 A/W responsivity is used to eventually obtain the compressed pulse. The multi-octave up-chirped LCMWs with the center frequency of 11 GHz, the bandwidth of 14 GHz and the amplitude of 2 V generated by the arbitrary waveform generator (AWG) are applied to the sub-MZM1. The chirp rate of compressible multi-octave up-chirped LCMW is related to DL output and is determined by Eq. (12) . Fig. 2 shows the normalized multi-octave up-chirped LCMW (a) and its normalized compressed pulse (b) when the DL structure output is controlled at first loop. Fig. 3 shows the normalized multi-octave up-chirped LCMW (a) and its normalized compressed pulse (b) when the DL structure output is controlled at second loop. The chirp rates of the multi-octave up-chirped LCMWs shown in Fig. 2(a) and Fig. 3(a) are 23.877 GHz/ns and 11.939 GHz/ns, respectively. The time durations of them are 0.59 ns and 1.17 ns. The compressed pulses with the second-order harmonic distortion (the multi-octave up-chirped LCMW modulated at a single MZM biased at the orthogonal point) are also shown in Fig. 2(b) and Fig. 3(b) . As shown in Fig. 2(b) and Fig. 3(b) , at the corresponding loops output of the DL structure, the two multi-octave up-chirped LCMWs are successfully compressed into the short time pulses with the full widths at half-maximum (FWHM) of 0.043 ns. The compression ratios (the ratio of the input LCMW time duration to the output compressed pulse FWHM) of 13.7 and 27.2 are obtained. Compared with the case that without the second-order harmonic distortion suppression, the proposed system with the second-order harmonic distortion suppression shows better compression results and smaller side lobe distortions. The phase-frequency responses of the waveforms in Fig. 2 and Fig. 3 are shown in Fig. 4(a) and Fig. 4(b) , respectively. Here, the frequency-independent linear phases caused by the optical delay line in the phase curves are ignored. In Fig. 4 , the different quadratic phases of the two multi-octave up-chirped LCMWs are successfully compensated by controlling the output of the DL. This simulation result show that the multi-octave LCMW pulse compressions with the same chirp direction but different chirp rates are achieved by controlling the output of the DL.
Then, we verify the chirp direction tunability of the multi-octave LCMW pulse compression. The wavelength of the TLS is adjusted to 1548.1 nm (193.652 THz) and others are the same as the first configuration. In this configuration, the system is up-chirped phase-only filter and compresses down-chirped LCMW. A multi-octave down-chirped LCMW with the chirp rate of −3.979 GHz/ns, the center frequency of 11 GHz, the bandwidth of 14 GHz and the amplitude of 2 V generated by the AWG is applied to the sub-MZM1. Correspondingly, the loops output of the DL structure is controlled at sixth loop. The corresponding relation is determined by Eq. (13) . Fig. 5 shows the normalized multi-octave down-chirped LCMW (a) and its normalized compressed pulse (b) when the DL structure output is controlled at sixth loops. The time duration of it is 3.52 ns. As shown in Fig. 5(b) , the multi-octave down-chirped LCMW is successfully compressed into the short time pulse with the FWHM of 0.043 ns. The compression ratio of 81.9 is obtained. For comparison, a normalized multi-octave up-chirped LCMW with the opposite chirp rate of 3.979 GHz/ns and its normalized compressed pulse are shown in Fig. 6 . The loops output of the DL structure is also controlled at sixth loop but the wavelength of the TLS is adjusted at 1548.3 nm. In Fig. 6(b) , the multi-octave up-chirped LCMW is also successfully compressed into the short time pulse with the FWHM of 0.043 ns. The compression ratio of 81.9 is also obtained. The phase-frequency responses of the waveforms in Fig. 5 and Fig. 6 are shown in Fig. 7(a) and Fig. 7(b) , respectively. The frequency-independent linear phases caused by the optical delay line in the phase curves are also ignored. From Fig. 7 , only by adjusting the wavelength of the TLS in proposed system, the opposite quadratic phases of the two multi-octave LCMWs are successfully compensated. This simulation result show that the multi-octave LCMW pulse compressions with the same chirp rate but different chirp directions are achieved by adjusting the wavelength of the TLS. In addition, the above simulation results show that the proposed system eliminates the second harmonic distortion in the pulse compression results. The performance of the multi-octave LCMW pulse compression is improved.
Experimental Results
A proof-of-concept experiment of the proposed microwave photonic pulse compression system is conducted to above analysis. The block diagram of the proof-of-concept experimental system is shown in Fig. 8 . A CW light with the power of 10 dBm provided by a TLS (Coherent Solutions MTP1000) is coupled into a DPMZM (Fujitsu FTM7961EX). The DPMZM has the extinction ratio more than 20 dB and the 3-dB bandwidth more than 20 GHz. A bias control module (PlugTech MBC-IQ-03) is used to control the three DC bias points of the DPMZM. The sub-MZM1 is biased at the minimum transmission point. The sub-MZM2 and the parent-MZM3 are both biased at the maximum transmission point. An RF signal with the power of −8 dBm generated by a vector network analyzer (VNA) (Agilent B722ES) is applied to the sub-MZM1 of the DPMZM via an Electrical Amplifier (EA) (CENTELLAX OA4MVM3). The gain of the EA is about 23 dB. The modulated optical signal output from the DPMZM is amplified by an EDFA (Conquer KG-EDFA-P) and then injected into LCFBG (O/ELAND OEFBG-100) via OC. After being reflected by the LCFBG, the optical signal is detected by a PD (Optilab PD-30). First, the reflection spectrums and group delay responses of the two LCFBGs are measured by an optical vector network analyzer (OVA) (LUNA OVA Cte). The reflection spectrums and group delay responses of the two LCFBGs are shown in Fig. 9(a) and Fig. 9(b) , respectively. As shown in Fig. 9 , the reflection spectrums and group delay responses of the two LCFBGs are basically identical. A linear group delay region with a bandwidth of about 0.17 nm (enclosed by a dotted rectangle) is clearly displayed in the pass band of the two LCFBGs. The optical dispersion of a single LCFBG in this linear group delay region obtained by linear-fitting is about 5238 ps/nm. This linear group delay region can be used for LCMW pulse compression.
Next, the spectrums of the output from the LCFBG1 are measured by an optical spectrum analyzer (OSA) (ADVANTEST Q8384). The wavelength of the TLS is adjusted at 1548.306 nm, and the frequency of the RF signal is increased from 4 GHz to 18 GHz with a 2 GHz step. Fig. 10(a) Fig. 11 . The spectrum of the output from the LCFBG1 with (a) and without (b) the second-order sideband suppression. The wavelength of the TLS is adjusted at 1548.082 nm and the frequency of the RF signal from 8 GHz to 22 GHz with a 2 GHz step. Black dash line: the reflection spectrum of the LCFBG1, color solid lines: the spectrums when the input RF signals at different frequencies. shows the spectrum of the output from the LCFBG1 with the second-order sidebands suppression. For comparison, the spectrum of the output from the LCFBG1 without the second-order sidebands suppression (the sub-MZM1 is biased at the orthogonal point) is shown in Fig. 10(b) . It shows that the positive first-order single sideband modulated optical signal without the second-order sideband distortion is obtained at the output of the LCFBG1. The negative first-order sidebands are suppressed by more than 8.8 dB and the second-order sidebands are suppressed by about 15.7 dB. The high power of the negative first-order sidebands are caused by the non-sharp edge of the reflection spectrum of the LCFBG1. It should be noted that if a single MZM biased at the orthogonal point is used instead of the DPMZM to measure the spectrum of the output from the LCFBG1, the power of the optical sidebands relative to the optical carrier will be increased by 3 dB. Therefore, the second-order sidebands are suppressed by about 12.7 dB. By adjusting the wavelength of the TLS, the negative first-order single sideband modulated optical signal is obtained at the output of the LCFBG1. To match the linear group delay region of the LCFBGs, the wavelength of the TLS is adjusted at 1548.082 nm, and the frequency of the RF signal is increased from 8 GHz to 22 GHz with a 2 GHz step. The spectrum of the output from the LCFBG1 with and without the second-order sidebands suppression are shown in Fig. 11(a) and Fig. 11(b) . The analysis is similar to the positive first-order single sideband modulated optical signal. The results show that the proposed system can obtain first-order (positive or negative) single sideband modulated optical signal without second-order harmonic distortion.
Then, the amplitude and phase responses of the proposed microwave photonic pulse compression system are measured by the VNA. When the wavelength of the TLS is adjusted at 1548.306 nm, the positive first-order single sideband modulated optical signal is selected in the LCFBG. The frequency of the scanning frequency RF signal is set from 4 GHz to 18 GHz to match the linear group delay region. Fig. 12 shows the amplitude (a) and phase response (b) of the proposed system when Fig. 13 . The amplitude (a) and phase response (b) of the proposed system when the system is a down-chirped filter and uses two LCFBGs. the system is a down-chirped filter and uses only one LCFBG. Fig. 13 shows the amplitude (a) and phase response (b) of the proposed system when the system is a down-chirped filter and uses two LCFBGs. From Fig. 12(b) and Fig. 13(b) , the proposed system has a strong linear phase response in addition to the desired quadratic phase response. The quadratic phase responses are obtained after subtracting the linear phase response, as shown in the inset of Fig. 12(b) and Fig. 13(b) . The quadratic-fitting curves are also shown in the insets. The quadratic curve-fittings are in good agreement with the actual measurement results. The fitted quadratic term coefficients (d 2 /d 2 ) in Fig. 12(b) and Fig. 13(b) (12) . The amplitude and phase fluctuations in the measurement results are mainly caused by the non-smooth reflection spectrum and group delay response of the LCFBG, as shown in Fig. 9(a) and Fig. 9(b) . When the wavelength of the TLS is adjusted at 1548.082 nm, the negative first-order single sideband modulated optical signal is selected in the LCFBG. The frequency of the scanning frequency RF signal is set from 8 GHz to 22 GHz to match the linear group delay region. Similar results are shown in Fig. 14 and Fig. 15 . The quadratic term coefficients of the fitted in Fig. 14(b) and Fig. 15(b) are −3.5261 × 10 −21 s 2 /rad and −7.0081 × 10 −21 s 2 /rad, respectively. The matched chirp rates are −22.568 GHz/ns and −11.355 GHz/ns (the chirp rates of the system are 22.568 GHz/ns and 11.355 GHz/ns), which are also in good agreement with −23.877 GHz/ns and −11.939 GHz/ns given by Eq. (13). The above results prove that the chirp rate of the proposed system is tuned by controlling the output of the DL. The chirp direction is tuned by adjusting the wavelength of the TLS.
Finally, the expected LCMW pulse compression results are calculated based on the measured system responses (In Fig. 12-15 ). The normalized input LCMWs and the normalized output pulses (corresponding to the measured system responses shown in Fig. 12-15 ) are shown in Fig. 15 . The amplitude (a) and phase response (b) of the proposed system when the system is an up-chirped filter and uses two LCFBGs. Fig. 12-15 . Fig. 16(a)-(d) , respectively. The bandwidth of the input LCMWs are both 14 GHz. The chirp rates of them are 23.877 GHz/ns, 11.939 GHz/ns, −23.877 GHz/ns and −11.939 GHz/ns, respectively. The frequency range of these LCMWs are matched to the system responses. According to Fig. 16 , the four multi-octave LCMWs pulse compressions with the compression ratios of 14.3, 29.3, 15.0 and 28.6 are verified. This result shows that the proposed system can realize the multi-octave LCMW pulse compression with chirp rate and chirp direction tunability.
Conclusion
In this paper, we propose a chirp rate-tunable microwave photonic pulse compression system for multi-octave LCMW. The structure of the proposed system is simple, stable and low cost. The chirp rate and the chirp direction of the system can be tuned by controlling the output of the DL and adjusting the wavelength of the optical carrier. The performance of the multi-octave LCMW pulse compression can be improved by configuring the bias voltages of the DPMZM. The corresponding theoretical analysis, verification simulation and proof-of-concept experiment of the system are conducted. The simulation and experiment results are in good agreement with the theoretical analysis. The results show that the proposed microwave photonic pulse compression system can support the multi-octave LCMW pulse compression with chirp rate and chirp direction tunability.
